We report single-particle photoluminescence (PL) intermittency (blinking) with high on-time fractions in colloidal CdSe quantum dots (QD) with conformal CdS shells of 1.4 nm thickness, equivalent to approximately 4 CdS monolayers. All QDs observed displayed on-time fractions > 60% with the majority > 80%. The high-on-time-fraction blinking is accompanied by fluorescence quantum yields (QY) close to unity (up to 98% in an absolute QY measurement) when dispersed in organic solvents and a monoexponential ensemble photoluminescence (PL) decay lifetime. The CdS shell is formed in high synthetic yield using a modified selective ion layer adsorption and reaction (SILAR) technique that employs a silylated sulfur precursor. The CdS shell provides sufficient chemical and electronic passivation of the QD excited state to permit water solubilization with greater than 60% QY via ligand exchange with an imidazole-bearing hydrophilic polymer.
Introduction
Colloidal quantum dots (QDs) are a powerful class of semiconductor nanostructures exhibiting high photoluminescence quantum yields, large molar extinction coefficients, high photostability compared to typical organic molecular fluorophores, and size-tunable emission wavelengths that can extend across the visible to mid-IR spectral range. [1] [2] [3] These properties make QDs attractive candidates as biological fluorescent probes, [4] [5] [6] [7] [8] especially since their exceptional brightness and stability enables single molecule tracking over extended periods of time. 9 Core-shell heterostructures have been widely explored [10] [11] [12] [13] [14] as a means to adjust the photophysical properties of QDs, and can be used to increase their brightness as fluorophores in two ways: (1) maximizing the photoluminescence quantum yield (QY) through electronic and chemical isolation of the core from surface-associated recombination centers; 11, 13, 15 and (2) increasing the excitation rate (absorption cross-section) by building a high density of electronic states at energies above the shell bandgap. [14] [15] [16] These two roles for the shell present a potential trade-off in terms of shell material. A wide bandgap shell imposes large electronic barriers for carrier access to the surface but will be less able to contribute to absorption, while a narrower gap shell could participate in light harvesting but may make it harder to achieve high QY. Shell thickness can also be increased, but this comes at the expense of increased total size, which may be undesirable, particularly in biological applications.
For the case of CdSe, one of the best studied nanocrystal QD core materials, CdS and ZnS are isostructural materials that have been applied to form shells, 11, 12, [14] [15] [16] [17] [18] both as pure materials and in heterostructures with alloyed and/or graded compositions of Cd x Zn 1-x S. 17 The use of Cd-rich or pure CdS shells imposes challenges in maintaining high QY, 17, 18 and in terms of the strong redshift of the QD excited states encountered upon overcoating with a weakly-confining shell. 19 The redshift imposes a strong requirement of structural homogeneity in shell growth if inhomogeneous broadening of the photoluminescence (PL) emission spectrum is to be avoided. In order to help suppress nucleation and anisotropic elaboration 16, 20 of the nanocrystals, selective ionic layer adhesion and reaction (SILAR) growth techniques have been applied. 15, 17, 18, 21, 19 Fluorescence intermittency (blinking) of individual QDs affects their performance as singlemolecule fluorescent tracers and in other applications. Much effort has been devoted to understanding the mechanisms of blinking in colloidal QDs 22, 23 and to identifying structures that can suppress it. Recently, several groups have reported suppression of blinking in CdSe/CdS core/shell QDs with thick (4-6 nm) shells. 15, 21, 24 Despite single-particle fluorescence data indicating high on-time fractions and a near-unity QY with monoexponential decay in the on state, 24 the reported ensemble QYs are 50-70%, 15, 24 indicating that the high-excitation-fluence single particle statistics are not necessarily representative of ensemble behavior at lower fluence. An important question is whether such high on-time fractions can be achieved for QDs with thinner CdS shells (and thus smaller total diameter), and if so, whether a correspondingly high ensemble QY can be maintained in solution samples.
In the work described below, we use a SILAR approach to grow CdSe/CdS core/shell QDs that display near-unity quantum yields in organic solution. Among two samples with differing core radii and emission wavelengths, individual QDs universally displayed high on-time fractions in single-particle blinking experiments. We also report ligand-exchange experiments that show significant retention of ensemble QY (> 60%) when the QDs are brought into aqueous solution. We observe nearly quantitative conversion of shell growth reagents, which aids in programming of desired photoluminescence characteristics in the resulting particles and limits waste. This result contributes to a growing body of work on CdS-coated CdSe QDs 15, 21, 25, 26, 19 that promises to provide a set of very bright and compact inorganic fluorophores and to open new applications that take advantage of the relaxed confinement conditions 16, 27 found with narrower-bandgap shell materials.
Experimental Design
Conformal shells on nanocrystals are generally produced by introducing shell precursors in a manner such that material adds to the surface of existing nanocrystals but nucleation of new particles is rejected. 11 In the SILAR approach to shell growth, metal and chalcogenide precursors are added separately, in an alternating fashion. 18 The goals of such an approach are to: (1) saturate available surface binding sites in each half-cycle in order to enforce isotropic shell growth; and (2) avoid the simultaneous presence of both precursors in solution so as to minimize the rate of homogenous nucleation of new nanoparticles of the shell material. These goals are potentially at cross purposes: the use of a large excess of precursor in each half-cycle (as is common in SILAR on planar substrates 28, 29 ) would be desirable to drive saturation of surface binding sites, but for the case of nanocrystals in homogeneous solution, any excess reagent cannot be easily removed and may linger until the next half-step, potentially leading to nucleation of particles of the shell material and/or uncontrolled surface growth on the existing cores. As a result, reagent doses for SILAR on nanocrystals are generally calculated with the goal of providing exactly one monolayer (ML) of coverage, 18 and sometimes with a slight excess designed to make up for incomplete reaction of the shell precursors. 19 The value of 0.337 nm, or half of the wurtzite c-axis unit cell dimension for CdS, is considered here to be the marginal increase in radius associated with 1 monolayer (ML) of surface coverage. This value is necessarily approximate, but is in wide use in the SILAR literature. 15, 18 Moreover, X-ray photoelectron spectroscopy measurements of CdSe/ZnS nanocrystals have shown that, taking one half of the wurtzite c-axis unit cell for ZnS as a yardstick, 1.2 ML was sufficient to suppress Se oxidation on exposure to ambient air, while 0.65 ML was not. 13 The most common method for producing CdSe/CdS core/shell QDs via SILAR, as developed by Peng, 18 starts with CdSe cores synthesized from the reaction of Cd carboxylates and trialkylphosphine selenides. The shell precursors are typically Cd oleate and elemental S, each dissolved in octadecene, and these are introduced in an alternating fashion and allowed to react at 240 °C.
We employed a modified SILAR approach for shell growth, in which alternating layer addition was performed at constant temperature using hexamethyldisilathiane (TMS 2 S) as the sulfur precursor, and with sub-monolayer reagent doses in each half-cycle. These choices were made with the aim of maximizing the synthetic yield for shell growth, and suppressing any nucleation of particles composed of the shell material. In particular, the use of TMS 2 S as the S precursor could play a role in silylating carboxylate-and phosphonatebased ligands 30 and thereby deprotecting the nanocrystal surface in a manner analogous to that recently noted for the use of trimethylsilyl groups in driving ligand exchange reactions at nanocrystal surfaces. 31 While TMS 2 S is well known as a precursor for sulphide shells on QDs under simultaneous addition alongside alkylated metal sources, its use in SILAR is atypical. [11] [12] [13] We chose to apply doses equivalent to approximately 0.8 ML incremental shell thickness (= 0.27 nm) in each SILAR cycle.
Complete synthetic details are available in the Supplementary Information (ESI). We synthesized CdSe nanocrystal cores using cadmium oxide and trioctylphosphine selenide precursors in the presence of tetradecylphosphonic acid (TDPA) in a solvent of trioctylphosphine (TOP) and trioctylphosphine oxide (TOPO).
Overcoating by SILAR was accomplished at a constant temperature of 180°C in a solvent of oleylamine and 1-octadecene (ODE). The cadmium precursor was Cd oleate in a solvent of 50:50 ODE and TOP with two equivalents of 1-decylamine (vs. Cd) added. The sulfur precursor, TMS 2 S, was dissolved in TOP. CdSe cores were isolated by repeated flocculation from hexane with acetone. The core radius was estimated using a calibration curve 32 (see also ESI, Fig. S1 ) for radius as a function of the position of the lowest-energy absorption peak. The quantity (number of moles) of cores in a given sample was determined by estimating the molar extinction coefficient based on this radius in the manner of Leatherdale et al. 33 The dose of Cd and S precursors required for each SILAR step was determined by dividing the incremental volume associated with each cycle of shell growth by the CdS unit cell volume (0.101 nm 3 ) 34 and scaling to the total number of cores. The Cd and S doses for each cycle are equal, while doses for successive cycles increase geometrically according to the increasing marginal volume associated with equal increments in radius.
Following shell growth, the solution was quantitatively recovered; under the condition that the number of particles does not change, this allows the molar extinction coefficient of the overcoated QDs to be determined from the measured absorption spectrum. The progress and yield of the overcoating reaction were monitored via UV-VIS absorption, PL, transmission electron microscopy (TEM), and wavelength dispersive spectroscopy (WDS) compositional analysis. Experimental details of these measurements, and of the time-resolved PL measurements and ligand exchange procedures, are found in the Supplementary Information.
Results and Discussion

Nanocrystal synthesis and shell growth
We have performed several variations of our synthetic procedure to produce CdSe/CdS core/ shell nanocrystals with different core sizes and shell thicknesses, allowing tuning of the emission wavelength and other properties. Table 1 describes three representative samples that will be discussed here. Samples 1A and 1B are different thickness shells (5 and 4 cycles, respectively) made using two aliquots of the same CdSe core batch, while sample 2 features 5 cycles of CdS shell growth applied to longer-wavelength CdSe cores. Figure 1(a) shows the change in the absorption spectrum associated with each full cycle of shell growth for sample 1A, as measured by drawing small aliquots and diluting them in hexane. The CdSe cores used exhibited a lowest-energy exciton absorption feature at 487 nm, and showed a well-resolved band-edge PL peak at 503 nm, but low PL QY, when dispersed in hexanes.
We found a small redshift in absorption after each Cd injection, and a greater change after addition of S (see also ESI, Fig. S2 ). In both cases, the change was complete within 5 minutes following each injection; a total of 15 minutes between start times was allowed for each half-cycle. Addition of a total of 5 aliquots each of Cd and S yielded QDs with emission at 570 nm and a full width at half maximum (fwhm) of 25 nm. The redshifted absorption and PL spectra ( Fig. 1(a,b) ), the maintenance of a narrow PL lineshape, and the dramatic increase in absorption at blue wavelengths are consistent with the formation of a CdS shell and indicative of a high degree of structural homogeneity. By changing the CdSe core radius and the CdS shell thickness as exemplified in Table 1 , we were able to tune the PL emission peak wavelength over nearly 50 nm among samples; the energy shifts that we observe with increasing CdS shell thickness, as shown in Fig. 1c , are comparable to those reported in the literature. 19 TEM imaging revealed a relatively homogeneous set of roughly spherical particles (see ESI, Fig. S3 ). For sample 1A, the volume-average radius was 2.8 nm. This slightly exceeds the predicted radius of 2.7 nm based on the estimated core radius of 1.3 nm and the targeted shell thickness of 1.4 nm. Elemental analysis of sample 1B by WDS revealed Cd:Se and S:Se ratios consistent with a shell thickness of 1.0 nm, which is > 90% of the targeted shell thickness of 1.1 nm (see ESI, Table S1 and Fig. S4 ). These results support a high synthetic yield for incorporation of the shell precursors into the QDs. Importantly, nucleation of CdS particles was not observed. These observations are consistent with our expectations as described in the previous section, but a detailed study of the dependence of synthetic yield and morphology on reagent source and dose are beyond the scope of the present work.
To explore the effect of introducing an additional ZnS shell to form CdSe/CdS/ZnS core/ shell/shell heterostructures, we isolated a portion of sample 1B and treated it with alternating doses of diethylzinc (in ODE/TOP) and TMS 2 S precursors, under conditions similar to those employed for CdS shell growth above. While the synthetic yield for ZnS shell formation was much lower than for CdS (as revealed by WDS elemental analysis data, see ESI), it was sufficient to cause significant changes in the photophysical properties as discussed below. Figure 2 shows the molar extinction spectrum of sample 1B before and after application of the ZnS shell, revealing an increase in the absorption coefficient at short wavelengths with little shift in the band-edge exciton energy.
Ensemble QY and time-resolved ensemble PL
All samples showed striking increases in brightness under room light upon overcoating with CdS, as was expected. The absolute PL QY of sample 1B was 98% as measured using an integrating sphere under 514 nm excitation; characteristic values among similarly prepared samples fall between 90% and 98%. This marks a significant increase compared to most previously-reported CdSe/CdS core/shell examples. Table S2 (see ESI) summarizes results from literature and from the present work. While QY approaching 100% has been reported for CdSe/CdS QDs under simultaneous addition, this was based on a relative, rather than absolute, QY measurement, and a maximum of 60-70% is characteristic among shells formed by alternating-layer growth, including in samples used in studies designed to probe quantum dot photophysics. The formation of samples displaying near-unity ensemble QY can potentially simplify interpretation of time-resolved measurements and ultimately lead to a better understanding of the structural features that lead to excited-state quenching and the synthetic steps that can control the occurrence of such features.
Time-resolved PL spectroscopy was employed to characterize the excited state decay process in CdSe/CdS core/shell samples displaying high ensemble QY. Figure 3 displays the ensemble PL decay from sample 1B diluted in hexanes at room temperature, excited at low power (exciton density n < 0.1) with pulsed 400 nm radiation from a Ti:sapphire laser and recorded using a streak camera. The decay trace is well-described with a single exponential lifetime τ of ~26 ns. Fluorescence intermittency (blinking) measurements have previously shown that in single QDs, intensity fluctuations are chiefly due to time-varying nonradiative rates and that at maximally bright timepoints, QDs can display near-unity QY and monoexponential PL decays dominated by the radiative recombination rate. 35, 36, 24 An ensemble QD sample displaying near-unity QY is therefore expected to show largely monoexponential excited-state decay kinetics because the radiative decay rate, determined by band-edge electronic structure 37 , should be homogeneous in a structurally homogeneous sample. The mono-exponential decay that we observe at low excitation power is thus consistent with expectations based on the high ensemble QY, but is also indicative of consistent radiative rates among the ensemble population.
When the QDs described here are excited at high fluence (average exciton density per particle n ≈ 2), an intense decay component is observed with a spectrum similar to that at low fluence and a lifetime of < 100 ps (sample 1B , Fig. 4) ; we interpret this as a rapid biexciton decay due to Auger recombination. 38,39
Single-particle blinking
To characterize blinking in our high QY samples, we observed single QDs from samples 1A and 2 at room temperature under continuous-wave excitation at 514 nm. An excitation power density of ~130 W-cm −2 was estimated to provide excitation rates of 2×10 5 s −1 and 3.4×10 5 s −1 for samples 1A and 2 respectively Representative PL intensity traces (Fig.  5(a,c) ) reveal well-resolved binary blinking between on-and off-state values, and high ontime fractions of 93% ( Fig. 5(a) ) and 90% (Fig. 5(c) ). All QDs observed in each sample displayed on-time fractions > 60% with the majority > 80% (Fig. 5(b,d) ).
Models for fluorescence intermittency in QDs have often proposed that the off state is characterized by the persistent presence of extra carrier(s) in one of the band-edge sphericalwell states (resulting in an off-state QY that is limited by Auger recombination), 22 and/or by the opening of non-radiative decay pathway(s) via localized trap state(s). 23 In the first of these, trapping is only responsible for switching between on-and off-states, while in the second, trapping is responsible for quenching (at least at low fluence).
The large blinking modulation depth (> 90%) and binary switching that we observe suggest that a single charging or trap-opening event is sufficient to bring the QD into the off state, but given the short biexciton lifetime measured for our samples in the ensemble measurement, we cannot rule out either of the above quenching mechanisms.
The on-time fraction is not necessarily a robust metric by which to compare samples; switching rates are power-dependent and higher excitation rates can lead to diminished ontime fractions. Nonetheless, the >80% on-time fraction found here is significantly higher than those typically reported in studies of CdSe/ZnS and CdSe/CdS QDs at similar shell thickness and at similar excitation rates. 40, 41 Our results can be discussed in the context of reports of suppression of blinking in CdSe/CdS core/shell QDs with thick (4-6 nm) shells 15, 21, 24 that have emerged in recent years. Such blinking suppression is manifested by (1) large on-time fractions and (2) "gray" off states that display appreciable QY. The increase in off-state QY in thick-shelled CdSe/CdS QDs may be a unique feature associated with suppression of Auger 42 or other recombination rates due the band-edge electronic structure in such QDs, and is not observed here. Thick shells can also be effective in spatially isolating the core from the surface, as is reflected in ensemble measurements that show reduced sensitivity of QY to surface ligandexchange reactions in CdSe/CdS QDs for 19 ML shell thickness, 15 and this has been invoked in explaining the high on-time fractions noted among subpopulations in thick-shell CdSe/CdS QD samples. Here we have found that a high on-time fraction is achievable in QDs with thinner shells, given adequate surface passivation; as seen below, these shells do not isolate the excited state from the surface. Figure 3 (a) depicts two strategies that we have explored for bringing the hydrophobically capped QDs described above into aqueous solution via ligand exchange, both as a means towards the use of these QDs in biological imaging applications and as a way to explore the effect of different surface terminations on their photophysical properties -particularly the QY. The first system consists of PEGylated dihydrolipoic acid (DHLA-PEG) smallmolecule ligands that are designed to coordinate the QD surface via the thiol groups. The second system consists of polymeric imidazole ligands (PILs): acrylic copolymers that are designed to chelate the QD surface via imidazole sidechains in a manner analogous to polyhistidine peptide domains 43 and PEGylated sidechains that provide water solubility. We have described each of these systems and their preparation previously. 7, 6 Samples 1B and 1B-ZnS were ligand exchanged with DHLA-PEG (PEG8, 80% hydroxyl terminated, 20% amine-terminated) and PIL ligands (a random copolymer of 50% methoxy-PEG-11, 50% imidazole sidechains) as described previously, 7, 6 yielding well-dispersed aqueous solutions. The absorption and fluorescence lineshapes of the ligand exchanged QDs were essentially unchanged versus those prior to ligand exchange. Dilute solutions of the resulting hydrophilic QDs were prepared in phosphate buffered saline (PBS) for quantum yield measurements. Figure 3 (b) displays the relative quantum yield of these samples, using sample 1B diluted in octane as the reference (absolute QY >95%). The CdSe/CdS core/shell QDs experienced a dramatic quench of their relative PL QY to just 8% upon ligand exchange with thiol-bearing DHLA-PEG. While even a single thiol ligand can cause a measurable quench of CdSe QD fluorescence, 44 we have previously shown that the DHLA-PEG ligand yields aqueous absolute QYs of 30-40% when used on CdSe/Cd 0.2 Zn 0.8 S core/shell QDs of several ML shell thickness. 6 Indeed, the addition of the ZnS shell to form CdSe/CdS/ZnS QDs is able to rescue the QY of DHLA-PEG coated QDs substantially, even though the addition of the ZnS causes a decrease in the relative QY of the starting hydrophobically-coated QDs to 84% versus the CdSe/CdS reference. A remarkably different result is found when the QDs are cap exchanged with the imidazole-bearing PIL ligand. Aqueous PIL-coated CdSe/CdS QDs maintain a relative QY of 61% versus the parent QDs in octane. In general, we have found the absolute QY of the aqueous PIL-coated CdSe/CdS QDs prepared as described here to fall between 50% and 70%. Addition of the ZnS shell does not confer an added benefit. Importantly, the PIL-coated samples are also quite robust and can be stored under ambient lighting and temperature conditions for an extended period (months) with little change in properties. 7 In addition to the organic surface coatings described above, we have prepared silica-coated single CdSe/CdS QDs via an inverse-micelle method (total hydrodynamic diameter was controlled in the range of 20-70 nm) that display ~40% QY in aqueous solution. 45 
Ligand exchange and aqueous PL QY
Conclusions
We have shown that CdSe/CdS core/shell QDs can be formed that display ensemble QY close to unity (> 95%) in solution using alternating layer addition. The high QY displayed by our QDs is accompanied by a monoexponential PL lifetime. These QDs display short biexciton lifetimes and high modulation depth blinking, but maintain a high on-time fraction. As such, they could be valuable in efforts to reconcile ensemble and single-particle measurements of excited state decay processes in QDs. Due to the small conduction band offset between CdSe and CdS, the QY of CdSe/CdS core/shell QDs with small shell thickness is significantly influenced by the nature of the surface; consequently much biological imaging work with QD has employed ZnS-terminated surfaces, 46 and published work on optimized commercial QDs with near-unity QY has cited examples that include Zn. 20 We have shown that despite such access of the excited state to the surface, suitable ligand exchange chemistry can limit non-radiative recombination in CdS-capped QDs in aqueous solution. By eliminating the need for ZnS shells and micellular encapsulation, CdSe/CdS QDs are able to incorporate a high density of states in the visible spectrum while maintaining small total diameter; these properties are highly desirable in QDs used as biological probes.
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